We followed the viral response to Fe-enrichment over 3 weeks during the second iron
Iron is required for almost all life forms and participates in many biological processes such as respiration and desoxyribonucleic acid (DNA) synthesis (Andrews et al. 2003) . Vast parts of the ocean are high-nutrient lowchlorophyll (HNLC) areas, now attributed to iron limitation. In several mesoscale in situ experiments it was shown that iron enrichment induced phytoplankton blooms leading to a draw-down of atmospheric CO 2 and transporting organic carbon out of the surface mixed layer (Boyd et al. 2007) . Such experiments have also shown an enhancement of bacterial biomass and production in the Pacific (Cochlan 2001) and Southern Ocean (Hall and Safi 2001; Oliver et al. 2004) . However, it is still unclear, whether bacteria in HNLC areas are iron- (Pakulski et al. 1996; Tortell et al. 1996) or carbon-and nitrogen-limited (Church et al. 2000; Kirchman et al. 2000) . A certain level of co-limitation of Fe and organic carbon and nitrogen has also been observed (Church et al. 2000) . Heterotrophic bacteria are responsible for 20-45% of biological iron uptake, compete directly with phytoplankton for iron (Tortell et al. 1996) and may thus be partially responsible for HNLC conditions. Viruses infecting bacteria can play different roles in microbial food webs (Wommack and Colwell 2000) . Lytic viruses infect cells, replicate and then destroy cells by lysis, setting free viral progeny and cellular lysis products. It was estimated that between 6% and 26% of photosynthetically fixed carbon will ultimately be shunted into the detrital and dissolved organic carbon pool by viral lysis of cells at all trophic levels (Wilhelm and Suttle 1999) . This carbon can be used by bacteria and is, therefore, largely diverted from higher trophic levels, resulting in an overall stimulation of bacterial production and respiration (Fuhrman 1999) . Thus, viruses can be seen as catalysts of carbon and nutrient cycling (Suttle 2005) .
Temperate viruses remain within the cell in a dormant stage and replicate along with the hosts, until the lytic cycle is induced. It has been shown that solar radiation and hydrogen peroxide can induce the lytic cycle in marine bacterial communities (Jiang and Paul 1996; Weinbauer and Suttle 1999) . Also, it was suggested that enhanced growth causes temperate viruses to enter the lytic cycle (Wilson and Mann 1997) . The significance and nature of inducing agents in situ remain largely unknown. The association between temperate viruses and hosts can increase the fitness of the host by conferring morphologic or metabolic traits encoded in the viral genome and, thus, influence bacterial diversity and activity. To the best of our knowledge, nothing is known on the role of iron for marine lysogens or on responses of lysogenic bacterioplankton in iron-induced phytoplankton blooms.
The role of iron for viral dynamics is poorly studied. Poorvin et al. (2004) found that viral lysis regenerates iron, which can sustain a significant fraction of primary productivity, and Daughney et al. (2005) have shown that viruses might serve as nuclei for iron adsorption and precipitation. Mioni et al. (2005) demonstrated that organically complexed iron in viral lysis products is highly bioavailable and Strzepek et al. (2005) report on highly variable virus-mediated iron regeneration rates during the FeCycle mesoscale experiment. During the EisenEx experiment, a phytoplankton bloom was induced upon iron addition and its development was followed for 3 weeks (Gervais et al. 2002) . Bacterial biomass formation and enzymatic activity was enhanced as well and a short-term stimulation of bacterial activity could be observed (Arrieta et al. 2004 ). An enhanced bacterioplankton production and biomass could also result in a stimulation of viral production, either by enhanced infection or by a faster turnover of the microbial food web. Finally, an enhanced bacterial growth could also induce the lytic cycle in lysogenic bacterioplankton and thus, increase viral abundance without new infection. Here we report that viral production and infection of bacterioplankton were enhanced during the iron induced phytoplankton bloom of the EisenEx experiment, suggesting an important role of viral lysis for carbon and nutrient cycling.
Methods
Iron enrichment and sampling-The experiment was performed in the Atlantic sector of the Southern Ocean (21uE, 48uS) in austral spring (06-29 Nov 2000) during the cruise ANT XVIII/2 of RV Polarstern. For details consult Gervais et al. (2002) . Briefly, a mesoscale eddy originating from the Polar Front was identified, fertilized with acidified iron sulfate solution and marked with the tracer SF 6 . In addition, drifting buoys were placed into the fertilized water mass. Iron enrichment was repeated twice with intervals of 8 d and sampling was performed inside and outside the iron-enriched water mass. Samples were collected with a rosette sampler (Sea-Bird SBE 32) equipped with 24, 12-liter Niskin bottles, conductivitytemperature-depth probes (Sea-Bird Electronics SBE 911plus), and a Haardt fluorometer. For viral abundance, six samples were collected at each station between 10 m and 150 m depth. At selected stations, a large-volume water sample (150-200 liters) was collected from 20 m to 30 m depth for assessing viral production and infection of bacterioplankton.
Enumeration of viruses and bacteria; burst size-Samples for counting viruses and bacteria were preserved briefly (,30 min) in formaldehyde (2% final concentration) at 4uC. Samples of 1.5 mL were filtered onto 0.02-mm poresize Anodisc filters (Whatman), stained with SYBR Green I (10,0003 in dimethyl sulfide; Molecular Probes, Chemical No. S-7567; concentration of staining solution, 2.5 3 10 23 of stock), mounted in an anti-fade solution (glycerol, phosphate buffered saline, p-phenylenediamine), stored at 220uC and enumerated by epifluorescence microscopy as described by Noble and Fuhrman (1998) . Data on bacterial abundance are reported in Arrieta et al. (2004) .
To assess in situ burst size (i.e., the number of viruses released upon cell lysis), 1 mL of the bacterial concentrates (see below) from three stations inside and three stations outside the patch was preserved in glutaraldehyde (0.5% final concentration), kept briefly at 4uC and then stored at 280uC until analysis. Upon thawing, bacteria were collected by centrifugation onto formvar-coated transmission electron microscope (TEM) grids (copper, 400 mesh size) and stained with uranyl acetate . The minimum burst size (BS) was estimated as average from $20 visibly infected cells. This number is a conservative estimate because viruses could still be assembled in the cells; therefore, a conversion was used to calculate maximum burst size (max. burst size 5 1.41 min. BS + 0.87; Parada et al. 2006) .
Bacterial production-Bacterial production rates in the viral production assays (see below) were estimated from the rate of [3H]-thymidine (Arrieta et al. 2004) . A conversion factor of 1.1 3 10 18 cells produced per mol thymidine was applied to convert thymidine incorporation to cell production (Fuhrman and Azam 1982) . In situ data on thymidine and leucine incorporation reported below are from Arrieta et al. (2004) .
Viral production and infection of bacterioplankton-Viral production, the fraction of infected cells (FIC) and the fraction of lysogenic cells (FLC) were estimated using a dilution technique (Wilhelm et al. 2002) with the modification described elsewhere (virus-reduction approach [VRA]; Weinbauer et al. 2002) . Large water samples (150-200 liters) were filtered through 0.8-mm pore-size polycarbonate filters (142-mm diameter; Millipore) and bacteria were concentrated using a Pellicon (Millipore) tangential flow filtration system equipped with an 0.2-mmfilter cartridge (Durapore, Millipore) as described in (Arrieta et al. 2004 ). The first 20 liters of the 0.2-mm filtrate were processed with a 30 kDa cutoff polysulfone cartridge (Amicon S1) to produce virus-free water. Aliquots of the bacterial concentrate were added to virusfree water at roughly in situ abundance assuming that half of the bacteria were lost during the prefiltration and ultrafiltration step. This procedure reduces contact rates between viruses and hosts and, thus, new infection. Incubations were performed in the dark at in situ temperature (2.0-4.2uC) in duplicate 50-mL sterile conical tubes, which were acid-cleaned between experiments. Samples were typically taken at T0h, T4h, T8h, T12h, T18h and T24h.
Viral production (VP) was calculated as
where V 1 and V 2 are viral abundances at t 1 and t 2 incubation times. Note that individual incubations were treated separately and values at the start of incubations were not always used for calculations. In contrast, the lower viral abundance serves as starting point for calculation (e.g., when viral abundance decreased after the start of the experiment). Thus, V 1 and V 2 are the minimum and maximum of viral abundance in the incubation. Dividing the number of produced viruses by the burst size yields the number of lysed cells and, thus, gives an estimation of FIC (Weinbauer et al. 2002) . FIC was calculated (as percentage) by
where BS is the burst size and B is bacterial abundance at the start of the experiment. This treatment also served as control in the lysogeny bioassays. To induce lysogenic viruses, samples were treated with mitomycin C (Sigma Chemicals; final concentration, 1 mg mL 21 ; Weinbauer et al. 2002) . The difference in virus abundance between this treatment and the control is the number of induced viruses, which is divided by the burst size to estimate the number of induced cells and, thus, FLC. FLC was calculated as
where VMC and VC is the maximum difference in viral abundance at corresponding time points in mitomycin C and control treatments, respectively.
Contact rates-The rate of contact (R) between viruses and bacteria was calculated using the following equations (Murray and Jackson 1992) :
where Sh is the Sherwood number (1.06 for a bacterial community with 10% motile cells; Wilhelm et al. 1998) , w is the equivalent spherical cell diameter (0.5 mm), V and P are the abundances of viruses and bacteria, respectively, and D v is the diffusivity of viruses.
where k is the Boltzmann constant (1.38 3 10-23 J Kelvin 21 ), T is the in situ temperature (uKelvin), m is the viscosity of water (in Pascal s 21 ) and d v is the diameter of the viral capsid (60 nm). The contact rate was corrected for the bacterial abundance to estimate the number of contacts per cell on a daily basis.
Viral community fingerprint-Viral communities from 150 liters to 200 liters of 0.2 mm filtered water were concentrated to 200-300 mL using a 30-kDa cutoff cartridge (see above) and stored frozen at 280uC. Viruses were further concentrated to ,200 mL by centrifugation through 30-kD filters (Amicon Ultra-15; Millipore). Randomly amplified polymorphic DNA (RAPD) polymerase chain reaction (PCR) analysis was performed as described in Winget and Wommack (2008) . Briefly, 2-50 ng of virioplankton DNA served as the template DNA in each reaction. For amplification, the decamer primer OPA-13 (59-CAG CAC CCA C-39) was used, acting as both, forward and reverse primer. PCR conditions are found in Winget and Wommack (2008) . All RAPD-PCR products were separated by gel electrophoresis on 2.5% agarose gels in 1 TAE buffer at 9 V cm 21 , visualized by ethidium bromide (1 mg mL 21 ) staining, and imaged in a gel imager (Intas). Similarity of resulting banding patterns was assessed by a group-averaged cluster analysis based on a Bray-Curtis similarity matrix and an analysis of similarity (ANOSIM). Uncertainty in the hierarchical cluster analysis of viral communities was calculated by multi-scale bootstrap resampling using the R package ''pvclust'' (http://cran.r-project.org/). Nonmetric Multidimensional Scaling (NMDS) was computed using function ''metaMDS'' of R package ''vegan'' with BrayCurtis similarities.
Statistical analysis-In order to detect relationships between viral and bacterial parameters, a Pearson correlation matrix was calculated. Data were arcsine (for FIC and FLC after converting the percentage to fractions), squareroot or log-transformed (all others). Parameters were also tested against time since iron addition. Differences of parameters inside and outside the Fe patch were tested for significance using a Mann-Whitney U-test. Significance level of p , 0.05 was assumed for statistical analysis.
Results
Description of study site and experimental approachSampling started on 07 November 2000, the day before the Fe enrichment started, and lasted for 22 d. Day 0 denotes the sampling directly after enrichment. Water temperature was ,5uC and increased during the experiment by 0.7-1.5uC depending on the strata sampled. Chlorophyll a (Chl a) concentrations increased almost linearly after 4 d of the iron addition to values ,4-fold higher than at the start of the experiment (Gervais et al. 2002) and bacterial abundance increased during the first 12 d and remained then 2-fold higher inside compared to outside the patch (Arrieta et al. 2004 ). The Fe-fertilized patch, as identified by SF 6 concentrations, was initially confined to the top 40 m of the water column but extended in the third week to 80 m, probably due to mixing caused by storms (days 5-8 and 12-15).
Viral abundance and burst size-Generally, viral abundance increased inside the Fe-fertilized patch during the course of the experiment with elevated viral abundance down to 100-m depth towards the end of the experiment (Fig. 1 ). Viral abundance, averaged over the first 40 m, ranged from 2.3 3 106 mL 21 to 7.0 3 106 mL 21 inside and from 1.4 3 106 mL 21 to 2.5 3 106 mL 21 outside the patch. Although viral abundance increased inside the patch, despite some fluctuations, it remained comparatively constant outside the patch. Viral abundance integrated over time was 2.1 times higher in the patch than outside (Table 1 ). The depth-integrated values of viral abundance increased significantly with time within the Fe-enriched patch (y 5 27.66 + 1.49x, r 2 5 0.56, p , 0.01). A similar regression (y 5 26.95 + 1.26x, r 2 5 0.52, p , 0.01) was found when only viral abundances were used from the depth of the VRA incubations. The virus : bacteria ratio averaged 17 inside the patch and 12 outside the patch. Maximum BS ranged from 29 to 49 (average 5 38) at six stations with no significant differences between inside (day 1, 9, and 22 after iron addition) and outside the patch (day 0, 8, and 19). Thus, the average BS value of 38 was used for calculations.
Recovery efficiency of the viral production assays-Viral abundance in the viral production assays was reduced by ,80% of in situ abundances. Bacterial abundance in the virus reduction approach was 20-30% higher than in situ (Table 2 ). This suggests that the recovery efficiency of cells was ,70-80%, because we assumed a loss rate of 50% and adjusted volumes accordingly.
Viral production and bacterial mortality-Data on viral production and infection of bacterioplankton were obtained from samples collected in the Chl a maximum layer of the center of the Fe-fertilized patch. Viral production was corrected for the changes in bacterial abundance in the viral production assays (Fig. 2) . Inside the patch, viral production was significantly higher (Mann-Whitney Utest, p , 0.01), averaging 1.90 3 10 6 mL 21 d 21 (range 5 0.86 3 10 6 -3.63 3 10 6 mL 21 d 21 ) than outside the patch (mean 5 0.56 3 10 6 mL 21 d 21 , range 5 0.33 3 10 6 -0.80 3 10 6 mL 21 d 21 ; Fig. 2 ). For comparison, net viral production estimated from the increase in the viral abundance was 1.44 3 10 6 mL 21 d 21 . Viral production was more than three times higher 1 d after than directly before the Fe addition (Fig. 2) . Viral production continued to increase until day 8 and dropped to values close to outside conditions afterwards. At the end of the survey, a second maximum occurred, which was slightly higher than the maximum at day 8. Viral production was 8-9-fold higher at the two maxima compared to the start of the experiment. On average, viral production was four times higher inside than outside the iron-fertilized patch ( Table (Table 1) . Lowest and highest viral turnover occurred at the same time as viral production; viral turnover and production were significantly correlated.
In situ bacterial production correlated with that in the VRA (r 2 5 0.63, p , 0.0005, n 5 12) but was on average two times higher in the VRA than in situ. Virus-mediated mortality (VMM) of bacterioplankton was calculated in two ways (Table 2) ; first, using in situ bacterial production and in situ viral production (i.e., viral production in the VRA corrected for the changes in bacterial abundance during sample preparation; Fig. 2 ) and second, using bacterial and viral production data from the VRA incubation (given in Table 2 ). Outside the patch, VMM averaged 69% (range 5 31-131%) using in situ production data and 39% (range 5 14-70%) using production data from the VRA. Within the patch, estimates were 182% (range 5 67-565%) for in situ production and 104% (range 5 41-172%) for VRA. On average, estimates of VMM were approximately two times higher using in situ production compared to production in the VRA.
Viral infection of bacterioplankton and viral contact rates-The FIC ranged from 20% to 88% inside the patch, whereas it varied only little outside the patch ranging from 16% to 25% (Fig. 3a) . On average, FIC was significantly (,23) higher inside the patch (Mann-Whitney U-test, p , 0.05). Maximums of FIC coincided with peaks in viral production (i.e., at day 8 and 22). Maximum FIC was 3.1-and 5.4-fold higher inside the patch than at the start of the experiment (Fig. 4a) . The FLC was similar inside (range 5 5-17%; average 5 11%) and outside the patch (range 5 5-16%; average 5 13%; Fig. 3b ). Inside the patch, FLC values decreased slightly from day 0 to day 8, and from day 20 to 22, but increased in between to levels roughly similar to that of day 0. No significant differences were found in Correlation analysis of data inside and out of the patchWhen testing viral parameters against time elapsed in the mesoscale experiment, viral abundance in the patch was the only parameter that showed a significant correlation. Data transformation did not increase correlation coefficients (data not shown). It has been shown before that bacterial production and enzymatic activity did not change linearly with time, whereas there was a slightly positive correlation for bacterial abundance (Arrieta et al. 2004) .
The results of the correlation analysis of viral and bacterial parameters outside and inside the patch are shown in Table 3 for parameters exhibiting a significant relationship with viral parameters. Outside the patch, FIC increased with bacterial abundance and viral abundance increased with thymidine incorporation. Inside the patch, FIC increased with viral production and leucine incorporation, whereas FLC was negatively related to thymidine incorporation. A strong correlation was found between viral and bacterial abundance.
Viral community composition-The viral community fingerprinting by RAPD-PCR revealed 6-15 distinguishable bands for the individual samples (i.e., viral communities), from inside and outside the patch. The lowest number of bands was found outside and the highest inside the patch (Fig. 4a ). Viral community composition was similar at several time points; however, band patterns did also vary strongly both inside and outside the patch. Based on ANOSIM, no significant differences between inside and outside the patch were found (R 5 0.1667, p 5 0.099). However, when the first sample taken after Fe addition was Table 2 . Evaluating the virus reduction approach (VRA) for estimating viral production and virus-induced losses of bacterial production inside and outside the Fe-fertilized patch. Note that viral production data in Fig. 2 removed, differences between inside and outside the patch were significant (R 5 0.358, p 5 0.023). Using NMDS, one can define a path of change in the viral communities. Fig. 4b shows that the community inside the patch changed continuously and followed a different path than the outside community (at least starting from day 4).
Discussion
Evaluation of approaches used to assess VMM-Inside the Fe-fertilized patch, VMM estimates based on in situ bacterial production were in almost all samples higher than 100% of bacterial production. In steady state, a VMM higher than 100% means a decrease of abundance; however, we found an increase of bacterial abundance in the patch (Arrieta et al. 2004 ). In contrast, using bacterial production in the VRA, VMM was on average ,100% and hence, appears to be more realistic than the estimates based on in situ bacterioplankton production. It is noteworthy that bacterial production in situ and in the VRA was related, although bacterial production in the VRA was higher probably due to the release of organic matter from cells during filtration. Nevertheless, VMM estimates using bacterial production in the VRA were sometimes too high to be sustained. Similar conclusions have been reported previously for other environments as well Winget et al. 2005) .
Several potential explanations are discussed below to explain this apparent discrepancy. Manipulations during the VRA approach could stimulate viral production (e.g., by stimulating burst size). However, some data suggest that the VRA does not influence the burst size, because different dilutions, which changed bacterial growth rates, did not affect FIC values (Weinbauer et al. 2002) . This is further supported by the finding that the burst size of bacterioplankton collected in situ was essentially the same as in the VRA . Nevertheless it is known that, in situ, the burst size can increase with bacterial production (Parada et al. 2006) . Therefore, we cannot exclude the possibility that the strong enhancement of bacterial production in the VRA increased burst size and, thus, viral production. Bacterial production was stimulated in pulses following the iron additions inside the fertilized patch but otherwise presented similar average values inside and outside the patch (Arrieta et al. 2004 ). This could be one of the reasons why the burst size was similar inside and outside the patch. Although we used maximum burst size estimates, we cannot fully exclude the possibility of a TEM-based underestimation of the burst size, possibly due to failing to distinguish or identify all viral particles using the whole cell approach. Such an underestimation of the burst size would result in an overestimation of virus-mediated mortality. The average value of 38 is similar to the average maximum burst size of 42 for the Southern Ocean (Strzepek et al. 2005 ) calculated by using the correction of Parada et al. (2006) . In addition, it might not be the burst size that is changed but the rate at which viruses are produced. This would result in an overestimation of VMM estimated based on viral production rates. Such a mechanisms might explain why mortality estimates based on FIC are often more realistic than estimates based on viral production in a single VRA (Winter et al. 2004a; Winter et al. 2005) . Also, the reduced contact rates in the incubations, could result in less infection and lysis and thus, in increased bacterial production. Finally, it is well-know that relating the incorporation of a radiolabeled substrate to cell production is problematic, even if habitat-specific conversion factors are determined (Robarts 1998) , which, was not done in the present study. Thus, an underestimation of bacterial cell production by the thymidine incorporation method could have contributed to an overestimation of mortality.
It has been shown that the VRA results in ecologically meaningful trends of VMM such as changes along fronts (Wilhelm et al. 2002) , trophic gradients Winget et al. 2005) or diel (Winter et al. 2004a ) and seasonal variations (Winter et al. 2005 ). Our study supports these findings. For example, VRA showed that FIC was enhanced inside compared to outside the patch, whereas there was no difference for FLC. In addition, FIC was positively, while FLC was negatively related to bacterial production. Such a pattern was also detected in other systems (Weinbauer et al. 2003) .
Mesoscale iron enrichment experiments and viruses-The mesoscale iron-enrichment studies performed so far have shown a stimulation of primary and bacterial production and biomass (Boyd et al. 2007 ) compared to so-called outstations. Out-stations can represent different water masses (consequently, data are usually not given as line charts) and thus, are not real controls (Arrieta et al. 2006 ). However, they serve as an indication of the ''background'' variability (Arrieta et al. 2006) . In this sense, sampling different water masses is beneficial, because differences in the iron patch compared to outside the patch, as found in our study and in others of the EisenEx campaign (Arrieta et al. 2004; Gervais et al. 2002) , are very likely due to the iron enrichment. FeCycle is the only other mesoscale ironenrichment experiment, where viral parameters have been published. However, data were not compared to outstations (Strzepek et al. 2005) . Inside the patch, viral production in FeCycle from the Southern Ocean ranged from 0.04 3 10 6 mL 21 d 21 to 2.35 3 10 6 mL 21 d 21 (Strzepek et al. 2005) , which is similar to our data from within the patch (0.86-3.63 3 10 6 mL 21 d 21 ) albeit more variable. Burst size averaged 42 after applying the correction of Parada et al. (2006) , which is similar to the estimate of 38 for EisenEx. During a survey in the Southern Ocean, the development of a phytoplankton bloom, which was induced by iron release from the sediment, was monitored over the shelf of the Kerguelen Islands and this situation was compared to the surrounding HNLC area (Christaki et al. 2008 ). Viral production and infection of bacterioplankton were higher in the bloom than in the HNLC stations (M. G. Weinbauer unpubl.); thus, supporting our findings of higher VMM in the patch. Nevertheless, further studies in the sense of further replications have to be performed to confirm the observed increased viral production and infection in iron-stimulated phytoplankton blooms and its effect on an ecosystem level. Estimation of virus-mediated mortality of bacterioplankton-It is possible that other viruses than bacteriophages contributed to the increase in viral abundance during the Fe-enrichment, because not only bacteria (Arrieta et al. 2004 ) but also phytoplankton (Gervais et al. 2002) increased in biomass in the Fe-enriched patch. However, viruses infecting phytoplankton constitute only a minor fraction of the viral community (except for cyanoviruses, which might be occasionally abundant [Maranger and Bird 1995] ). Cyanobacterial abundance was low at the study site (Gervais et al. 2002) . Moreover, viral and bacterial abundance inside the patch were more strongly correlated (Table 3 ; r 5 0.907) than viruses and Chl a (r 5 0.748; calculated using data published in Gervais et al. [2002] ). Thus, the majority of the viruses were likely viruses infecting the domain bacteria and the increase in viral abundance during the experiment was, therefore, mainly due to lysis of bacterial cells.
Using the increase of viral abundance over time, a burst size of 38 and the mean bacterial production inside the patch (Table 2) , viruses should have lysed 127% (using integrated values) and 102% (using only values from the VRA) of the bacterial production (Table 4) . Using viral production data, VMM was on average ,104% inside the patch (using bacterial production in the VRA). In addition, relating FIC to VMM by the model of Binder (Binder 1999) , VMM was on average 95% inside the patch. For outside the patch, the values were 40% for viral-production-based estimates and 31% for FIC-based estimates. Thus, the data indicate that VMM was 2-3-fold higher inside than outside the patch. It is noteworthy that independent approaches or calculations provided similar average estimates (Table 4) .
Additional support comes from the following calculation from within the patch using published data. From bacterial production data (Arrieta et al. 2004) we can calculate the bacterial abundance expected at the next time point. The difference of this value from the observed bacterial abundance (Arrieta et al. 2004 ) is an estimation of bacterial mortality. Assuming that all mortality is due to viral lysis and using the observed burst size of 38, the expected viral abundance can be calculated and compared to the observed viral abundance. Averaging the data over the study period, the observed viral abundance was 78% of the expected viral abundance as calculated using thymidine incorporation to determine bacterial production and 111% using leucine incorporation. The finding that observed values were ,100% of expected values supports our estimations from different approaches that viral lysis was by far the most important mortality factor for bacterioplankton within the patch.
Comparison of virus infection data with other offshore studies-Lytic-stage virus infection can be due to lytic viruses, temperate viruses directly entering the lytic cycle after infection or the induction of lysogenic cells. Low values of about 10% lytic-stage virus infection of bacterioplankton were reported for offshore surface waters of the Mediterranean Sea (Weinbauer et al. 2003) and even lower values in another study (Guixa-Boixereu et al. 1999 ). In the tropical Atlantic, FIC values of 5-12% were found in offshore surface waters (Winter et al. 2004b) . We found that under Fe limitation (i.e., outside the patch), a significant fraction of the bacterioplankton (21%) contained viruses in the lytic stage. It has been argued that a high virus-induced mortality of bacterioplankton in Antarctic waters is due to low water temperature, which is unfavorable for protist grazers (Guixa-Boixereu et al. 2002) . Indeed, a high viral effect on bacterioplankton (up to 36% of bacterial production) was found in the cold North Atlantic and Arctic waters (Middelboe et al. 2002; Steward et al. 1996) .
FLC values of, on average, 12% have been reported for offshore surface waters in the Mediterranean Sea (Weinbauer et al. 2003 ) and values of 2-11% for offshore waters in the Gulf of Mexico . Contrasting trends along coastal-offshore transects and higher FLC values have been found as well (Jiang and Paul 1996) . On average, our FLC values of 5-17% are comparable with the few data available for offshore surface waters.
More than 30% of the bacteria outside the patch contained a functional (lytic or temperate) virus genome. This value is similar to those reported for offshore surface waters of the Mediterranean Sea (Weinbauer et al. 2003) . This further stresses the significance of viral infection for bacteria-mediated processes in the ocean.
Virus infection and iron amendment-The rapid response of bacteria to iron enrichment in the Southern Ocean during EisenEx might indicate iron limitation, although elevated supply of freshly released organic carbon by phytoplankton in the Fe-fertilized patch as compared to outside the patch likely contributed to the observed bacterial response as well (Arrieta et al. 2004) . A rapid increase bacterial production Table 4 . Independent approaches to assess virus-mediated mortality (VMM) of bacterioplankton inside and outside the Fe-fertilized patch. Data calculation is specified in the text. For viral-abundance-based data, the first number is from integrated values and the second from values when the VRA was performed. Release rates were calculated from VMM and from rates and cell quotas given in Arrieta et al. (2004) and Strzepek et al. (2005) 4 h after Fe enrichment was shown for the subtropical Pacific (Mioni et al. 2007) . FIC (day 4) and viral production (day 1 and 4) were stimulated shortly after iron addition (Figs. 3, 4) . Bacterial production during EisenEx showed short pulses right after Fe addition as well (Arrieta et al. 2004 ). Viral community composition also changed rapidly after the three Fe additions. This suggests that bacterial activity enhanced viral production. Induction of lysogenic bacteria due to relieving iron stress from bacteria and/or increased bacterial growth rates could have caused this increased bacterial mortality inside the patch. However, because FLC was low and did not differ between inside and outside the patch, induction cannot explain the increase of FIC within the patch. Thus, lytic viruses or temperate viruses directly entering the lytic cycle after infection were mainly responsible for the stimulated viral production and VMM of bacterioplankton during iron enrichment. An enhanced bacterial production may, on the one hand, allow for higher infection frequencies (e.g., due to a higher expression of receptors as docking sites for viruses) and, on the other hand, increase viral production rates even if the same percentage of cells is infected. It is known that some viruses use the iron uptake system as receptors for attachment to the cell (Lenski 1988) . The finding that outer membrane receptor for siderophores (i.e., extracellular high-affinity iron-uptake ligands), are only expressed during Fe limitation has been interpreted as a strategy to reduce the targeting of the outer membrane receptors by viruses and confer temporal resistance (Andrews et al. 2003) . Because FIC increased within the patch, such a possible protection mechanism could not prevent an increase of virus infection during the mesoscale Fe-addition experiment. However, bacterial production and cell-specific leucine and thymidine incorporation rates peaked briefly after each of the Fe amendments (Arrieta et al. 2004 ). Also, a significant induction of hydrolytic ectoenzymes was observed inside the Fe-fertilized patch (Arrieta et al. 2004) , which should have been accompanied by enhanced synthesis of the corresponding uptake systems. These surface-associated hydrolases and uptake systems could serve as viral receptors, resulting in increasing infection rates. In addition, bacterial abundance increased inside the patch (Arrieta et al. 2004 ) and viral contacts per cell were twice as high inside as outside the patch (Table 2) . Possibly, an increased bacterial activity and an enhanced contact rate acted synergistically during the experiment and resulted in an increase of virus infection and viral abundance inside compared to outside the Fe fertilized patch.
Multidimensional scaling analysis revealed that in the Feenriched patch a specific viral community developed. The finding of a rather stable bacterial (Arrieta et al. 2004 ) and a specific viral community could be explained by viral control of bacterial phylotypes, which would out-compete other members of the bacterial community. Such a keeping in check of consecutively changing bacterial winners for nutrient acquisition could result in strong changes of the viral community and keep bacterial composition relatively stable. This is compatible with the idea that the virussusceptible phylotypes can be low in number but have a high potential growth rate (Bouvier and del Giorgio 2007 ). An alternative scenario is that the development of resistance in a phylotype reduces infection rates and abundance of a specific virus and allows the increase of other viruses. Thus, a succession of different viral types with an overlapping or identical host range and changing resistance patterns could also explain a relatively stable bacterial and a dynamic viral community. Such scenarios are based on assumptions such as that the viral community was mainly composed of bacteriophages (see above), RAPDs are a useful proxy for viral community composition (Winget and Wommack 2008) and terminal restriction fragment length polymorphisms patterns are a useful proxy for the bacterial community (Arrieta et al. 2004) . Our data suggests that the higher infection of bacterioplankton inside the patch is caused by an interplay of phenotypic and genotypic effects.
Role of viral lysis for biogeochemical processes-Despite some uncertainty about the absolute values, our data suggest that viruses were an important mortality factor for bacterioplankton outside the patch and the major factor within the patch. Interestingly, during a study in the Southern Ocean around the Kerguelen Island plateau, bacterial mortality due to protistan grazing was high in the HNLC area, but negligible in the phytoplankton bloom (Christaki et al. 2008) , whereas viral infection showed the opposite trend (M. G. Weinbauer unpubl.) . These data suggest a switch from grazing to viral lysis as the main control mechanism of bacterial biomass and a change of the fate of bacterial carbon production due to iron addition.
Viral lysis of bacterioplankton results in a reduced carbon flow to higher trophic levels via grazing of bacteria by protists; this and the release of lysis products can fuel bacterial growth (Fuhrman 1999; Middelboe et al. 2003) . We estimated that a significant fraction of the bacterial production within the patch (up to 100%; Table 4) should be diverted from being utilized by higher trophic levels, shunted into the detrital and dissolved organic matter pool (Wilhelm and Suttle 1999) , and become available to (infected and noninfected) bacteria. Using the conversion factors and cell quotas from Strzepek et al. (2005) , average thymidine incorporation data from Arrieta et al. (2004) and assuming VMM from Table 4 , 0.085-0.115 mmol C L 21 d 21 would be released (Table 4 ). In addition, data suggest that viral lysis reduces the growth efficiency and increases respiration rates of bacterioplankton (Middelboe et al. 1996) . This has also been shown for the Southern Ocean and could increase remineralization rates (Bonilla-Findji et al. 2008) .
Viral lysis has several potential consequences for iron and carbon cycling. Enhanced production of mainly colloidal organic iron as the result of viral lysis of bacteria during natural and anthropogenic Fe additions would retain reduced and bioavailable Fe in the euphotic zone. Using the conversion factors and cell quotas from Strzepek et al. (2005) , average thymidine incorporation data from Arrieta et al. (2004) and assuming VMM from (Strzepek et al. 2005) . Retaining iron could be significant during natural ephemeral Fe dust-fall events or when icebergs melt in HNLC zones. With respect to the potential of relieving iron limitation as a mechanism stimulating carbon sequestration and export, an increased release of lysis products could result in a reduced carbon sequestration because viral lysis converts living particulate organic matter to nonliving dissolved and detrital organic matter, which is finally respired. However, the actual outcome of an increased viral lysis by Fe pulses will depend on whether the major consequence is an increased retention time and organic matter oxidation or an increased Fe regeneration.
